INTRODUCTION
When results for the rate of isotopic exchange in two Rothamsted soils were analysed graphically, the total isotopieally exchangeable (or 'labile') phosphate of a soil suspended in 0.02 M KC1 solution was found to be subdivisible into three or four fractions depending on the rates at which these fractions exchanged isotopically with the phosphate ions in solution 10; the slowly exchanging part of the isotopically active phosphate in the calcareous soil was decreased by introducing low concentrations of organic anions although its lability was increased.
We now report the rate of dissolution of the ortho-phosphate ion, the equilibrium concentration of phosphate ions in solution, the rate of isotopic exchange, and the total isotopically exchangeable phosphate at 25 °, 35 ° and 45°C, in four soils of similar mechanical composition but with varying amounts of calcium carbonate, total phosphorus and organic carbon.
A s l y n g l observed that with Rothamsted soils (pH range 4.5-7.5) the equilibrium phosphate concentration in 0.01 molar calcium chloride increased I to 2 per cent per degree centigrade as the temperature was raised from 9 ° to 27°C. He also showed that this effect was reversible between 0 ° and 30°C, suggesting that the soil phosphate does not change irreversibly within this * Research Fellow of the Ramsay Memorial Fellowship Trust; permanent address: .Cejatr9 de Edafologia y Biologia Aplicada, Cortigo E1 Cuarto, Sevilla, Spain. temperature range. Our work is confined to the examination of calcareous soils where the presence of the ortho-phosphates of calcium will mainly contribute to the behaviour of the soil phosphate. Although much detailed work has been done on the system C a O -P 2 Q -H 2 0 , the effect of temperature on its kinetics has not been clearly defined. The results obtained by W a r i n g t o n 11 and later B a s s e t t 3 suggested that the hydrolysis of solid calcium ortho-phosphates in aqueous suspension leads to the loss of phosphorus or calcium to the solution until a solid with a Ca : P ratio of 1.67 is obtained. S c h l e e d e et al. 9 demonstrated this clearly but they also found that dicalcium phosphate dihydrate was hydrolysed to an apatite-like material only after a prolonged hydrolysis with "hot" water. The rate of this hydrolysis increased when a critical amount of a solid calcium phosphate more basic than the dicalcium phosphate had been formed 5 s. Their observations provide a logical explanation for the difference between the behaviour of phosphate-rich and phosphate-deficient calcareous soils observed in tile work described below.
The kinetics of the dissolition of phosphate at a fixed volume and a constant ratio of soil: solution have not been studied, presumably because the solid phase is so complex. If, however, it is assumed that the rate-controlling process is the diffusion of ions from the surface through a constant thickness of the "saturation layer" of solution, the rate of dissolution of phosphate is proportional to the distribution of phosphate on the soil surface and to the saturation deficiency in solution. (The saturation deticiency is defined as the difference between the concentrations at saturation and at any time before saturation). A comparison of the rates of dissolution at different temperatures at the same saturation deficiency would show whether any changes occurred in the surface distribution of phosphate. We have used this concept to interpret qualitatively the differences observed between the kinetics of phosphate dissolution from phosphate-rich and phosphate-deficient calcareous soils.
Little is known about how temperature affects the isotopic exchange of phosphate ions in soils, but it is generally assumed that increasing temperature must increase the rate of isotopic exchange. B a n d r e n g h i e n and G o v a e r t s 4 measured the rates of isotopic exchange of both calcium and phosphate ions in solid 'tricalcium phosphate' suspended in CaClz and Na2HP04 solutions at temperatures between 18 ° and 180°C. They found that the rate of exchange for both ions increased to the same extent up to 60 ° , after which the rate of phosphate exchange increased continuously up to 180 ° whereas the rate of calcium exchange increased at a rate greater than that of phosphate. They found that at temperatures greater than 60 ° the solid phase was converted to a chlorapatite and suggested that the calcium exchanged faster because calcium ions and their supplementary chloride ions migrated into the crystalline solid(in equivalent exchange for ionic Ca(OH)a). Our work shows that in calcareous soils of low phosphate status similar discontinuously large changes occur in the rate of phosphate exchange at temperatures greater than 35°C; presumably, they are associated with a change in the nature of the solid phosphate in the soil.
M A T E R I A L S A N D M E T H O D S
The arable soils used are described i n T The methods used were similar to those already described 10; 0.5 g of the soil was shaken continuously with 100 ml of 0.02 M KC1 at constant temperature and the phosphate dissolved from the soil was determined at suitable intervals. The suspension was labelled with "carrier-free" * pa2 when the initial rapid rise in phosphate concentration had ended. The total phosphate and p32 concentration in solution were measured at suitable times until the specific activity in solution was constant within experimental error. Care had to be taken with centrifugation at high speeds when separating the soil and the solution to keep the system at chemical equilibrium at the time of sampling. The whole sampling procedure required about 15 minutes. , High P status . . . .
R E S U L T S

Preliminary experiments on the rate o/dissolution o/ phosphate and its temperature dependence T h e g e n e r a l p a t t e r n for t h e r a t e of d i s s o l u t i o n of p h o s p h a t e i o n s
* T h e t e r m " c a r r i e r -f r e e " implies t h a t the p h o s p h a t e concelltratioi1 of the r a d i o a c t i v e solution added'
was too small to c h a n g e the p h o s p h a t e c o n c e n t r a t i o n of the soil solution m e a s u r a b l y .
for these soils exhibited two characteristics -an initial rapid increase with time in the phosphate removed from the soil, followed by a slow increase or a slow decrease at longer times. Soils A and B, with low total phosphate, showed a slight increase, which was little affected by temperature. It is assumed here that the rapid increase with time corresponds to a true dissolution and the subsequent behaviour comes from secondary unspecified reactions. The time when the rapid increase ends was estimated graphically, and the amount of phosphate dissolved at this time was taken as the saturation value for the "true dissolution" process. This saturation point was attained more rapidly as the temperature was raised from 25 ° to 35°C but the behaviour of the soils at 45°C varied according to their phosphate content. In Figure 1 , the logarithm of the time required for the 90~o saturation value (or 10% saturation deficiency) to be reached is plotted against tile reciprocal of the absolute temperature. Soils A and B show a decrease in the rate of dissolution (corresponding to an increase in the time required for 90% exchange) above 35°C unlike soils C and D which contain much more phosphate; thus soil C does not show any change in the rate of dissolution between 35 ° and 45°C, and soil D, with a considerably higher P reserve, shows a normal increase in the rate of dissolution with temperature.
In/luenee o/ temperature on the equilibrium concentration o~ phosphate in the soil solution
The only systematic observations on the influence of temperature on the equilibrium concentration of phosphate in the soil solution in the literature appear to be those of A s l y n g 1 already referred to. These show that in Rothamsted soils there is a regular and reversible increase of 1 to 2 per cent per degree centigrade in the phosphate concentration with increasing temperature in tile range 0 ° to 30°C. In Figure 2 , the logarithm of the equilibrium of phosphate concentration is plotted against the reciprocal of the absolute temperature, which shows an almost linear increase from 25 ° to 45 ° in soils C and D of high P status. However, the percentage increase with soil C is much greater than that found by A s l y n g , presumably because it contains much organic matter. With soils A and B of low P status, the observed increase between 25 ° and 35 ° is within the limits observed by A s l y n g ; between 35 ° and 45 ° , the phosphate concentration increases abnormally, suggesting a change in the nature of the solid phosphate phase. 
Influence o[ temperature on the total labile phosphate
The total labile phosphate in all the soils increases with temperature ( Figure 2 ) and, except for soil A, this increase is relatively small and regular between 25 ° and 45 ° . The total labile phosphate in soil A, which has the lowest phosphate content of the four soils, increases considerably but fairly regularly in this temperature range. Apart from this, soils of low and high phosphate status show no clear difference in the behaviour of their total labile phosphate. The labile phosphate can be sub-divided into the 'instantaneous', 'rapid', 'medium' and 'slow' components as described previously lo The influence of temperature on the distribution of these components shows the following trends:
(1) As the temperature of exchange is increased, it becomes increasingly difficult to separate the 'instantaneous' and 'rapid' exchanging components; these are, therefore, referred to here as a single 'rapid' exchanging component.
(2) The increase in the total labile phosphate and the phosphate in solution is reflected in a corresponding increase in the 'rapid' component.
(3) The magnitude of the 'medium' component is always very small and does not show any regular alteration with temperature. 4 0 The 'slow' component, however, is always large and tends to decrease with increasing temperature except in soil A, which shows a large increase as the temperature is raised from 35 ° to 45°C.
Influence o/temperature on the rate o/ isotopic exchange
As shown previously 10, the rate of isotopic exchange is best represented by a rate constant from the relation: 0.693
Px. Pss R X ~ ----t~ Px + Pss
where Px is the isotopically-exchangeable phosphorus in the 'rapid', 'medium' and 'slow' exchanging components respectively of the labile phosphate Ps in the soil, Pss is the phosphate in solution and t~ is the half-time of exchange graphically determined from the linear variation of the logarithm of the fractional exchange with time.
Thus Ps = P1 + P2 + Pa and the total labile phosphate P e = Ps + Pss. Table 2 shows the influence of temperature on the magnitudes and the rate of exchange of the 'rapid', 'medium' and 'slow' components for four soils. These results clearly illustrate (1) the increase in the rates of exchange with temperature, (2) the difference in the behaviour of soils of low and high phosphate status between 35 ° and 45°C.
The rate of the 'rapid' exchange is usually too fast to measure accurately. The magnitude of the 'rapid' component increases Fig. 3 . I n f l u e n c e of t e m p e r a t u r e oft t h e r a t e of e x c h a n g e of t h e 'slow' c o m p o n e n t ' R a ' . L o w P s t a t u s , H i g h P s t a t u s . . . .
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Influence of temperature on the components of the total labile phosphate in four soils
with the behaviour of P3 in soil B. The rate constant for the 'slow' exchange (Table 2 and Figure 3 ) for all soils between 25 ° and 35°C, and for soils C and D from 35 ° to 45 °, increases slightly. Soils A and B, however, show a very sharp increase in the rate constant between 35 ° and 45 °, although the magnitudes of their 'slow' components differ vastly. The rate constants at 45 ° in soils A and B of low P status are of the same order (0.116 and 0.139 mg P per 100 g soil per h o u r ) a n d are significantly greater than those in soils C and D (0.069 and 0.092 mg P per 100 g soil per hour} of high P status.
DISCUSSION
The principal feature of these results is the difference in the behaviour of soils of low and high phosphate status between 35 ° and 45°C. Thus, with soils A and B, the effect of temperature on the rates of dissolution, on the equilibriura concentration of phosphate, and on the rate of exchange for the 'slow' components, suggests the conversion of their 'slow' component into a new phosphate phase.
The inorganic phosphate in calcareous soils in aqueous suspension thus seem to be in two distinct parts -a small but nevertheless important amount, which is rapidly labile, is probably associated with the surfaces of the clay and to a lesser extent with the calcium carbonate surfaces; the remainder, which exchanges slowly, consists of a mixture of the insoluble orthophosphates of calcium whose composition, and hence whose subsequent behaviour, depends on the conditions under which they were precipitated. Although the nature of these calcium phosphates must be independent of the amount of CaCOa, they must be intimately associated physically with the calcium carbonate in the soil which is the source of the calcium concentration in the soil solution. The amount of CaCO3 in the soil must thus control the amount of the insoluble calcium orthophosphate formed. The nature of these phosphates depends on the activity of calcium and phosphate ions in solution, the former being almost independent of the amount of CaCO3 present. In phosphate-rich calcareous soils, where the activity ratio A ca : A p is low, the principal component of the precipitated phase will be dicalcium phosphate contaminated with a calciumdeficient apatite (i.e. an apatitic structure with an atomic ratio Ca : P less than 1.67) whose amount and nature will depend on the amount of the soluble phosphate added initially to the soil. These results suggest that in such soils (C and D) this apatite is less than the critical amount suggested by the work of B u c h s and S a n f o r c h e and H e n r y s; accordingly the rate of hydrolysis of the diealcium phosphate to an apatite phase is very small and is indeed not measurable in our experiments. The reverse holds for the phosphate-deficient soils A and B where the clearly measurable changes in the slowly labile phosphate with temperature point to the rapid hydrolysis of the precipitated calcium phosphates and Plant and Soil the presence of a much higher proportion of a calcium-de/icient apatite, which is rapidly hydrolysed at higher temperatures to a true apatite with the consequent production of a phosphate-rich solution. It follows that, when the phosphate activity in the soil solution is continuously depleted by some external agency (e.g. by plant roots or by continuous rapid leaching), the nature of the dicalcium phosphate residue in phosphate~rich calcareous soils will not be significantly affected until it is decreased to a very small proportion. By contrast, in a phosphate-deficient soil, such a process will considerably hasten the hydrolysis of the calciumdeficient apatite to a much less labile true apatite.
Aslyng ~' suggested that some calcareous Rothamsted soils contain octocalcium phosphate 5 The hydrolysis of oetocalcium phosphate at high temperatures leads to the formation of hydroxyapatite and dicalcium phosphate, probably according to 2Ca4H(PO4)a + H20 ~ Cab(P04)8. OH + 3CaHP04
Octocalcium phosphate is itself produced by the hydrolysis of dicalcium phosphate and a cyclic process can be imagined in which the octocaleium phosphate residues in the soil are progressively converted to hydroxyapatite. Until this conversion is nearly complete, the more soluble dicalcium phosphate may govern the 'quasi-equilibrium' concentrations in the soil solution and cause the abnormal behaviour of calcareous soils of low P status.
The presence of potassium chloride offers another explanation of this behaviour in soils A and B. The chloride ion diffuses fairly readily at elevated temperatures as a counter-ion (B a n d r e n ghi e n and Govaerts 4) or in isomorphous substitution (for OH-ions) into apatite or pseudoapatite type of phosphates to form a chlorapatite-like phosphate (Bjerrum 5) with greatly increased solubility and lability. It is significant that soils C and D (the latter having 23 per cent calcium carbonate) show no signs of this behaviour, which suggests that if they contain any apatite-like or allied phosphates these cannot be detected in the 'labile' phosphate, and that their behaviour is masked by that of phosphate compounds of higher energy content.
The increased uptake o{ phosphorus by plant roots at elevated temperatures has been ascribed (Zhurbitzky and Shtrausberg 7) to increased plant-physiological activity in the roots as well as in the tops of plants. It is clear from this work that the higher rates of dissolution and the higher equilibrium concentrations in the soil as well as an increased rate of turnover of the labile phosphate in the soil may, at least, be equally responsible for increased phosphate uptake.
The turnover of the 'slow' component in soils of high P status is 5 to 10 times faster than in soils of low P status at 35°C; but at 45°C, the situation is reversed, the rates in the low-phosphate soils being 1½ to 2 times higher than in soils of high P status. This suggests that an abnormally high uptake of phosphate may be realised from calcareous soils of low phosphate status et temperatures above 35°C.
SUMMARY
The influence of t e m p e r a t u r e in the range 25 ° to 45°C on the rate of dissolution and t h e equilibrium c o n c e n t r a t i o n of p h o s p h a t e , on the labile p h o s p h a t e and its c o m p o n e n t s , and on the rates of isotopic exchange in four soils w i t h v a r y i n g CaCOa c o n t e n t s and p h o s p h a t e status was investigated. There were a b n o r m a l increases in the equilibrium p h o s p h a t e c o n c e n t r a t i o n and the r a t e of e x c h a n g e of the slowly labile p h o s p h a t e of soils of low P s t a t u s b e t w e e n 35 ° a n d 45 ° . The slowly exchanging c o m p o n e n t n o r m a l l y c o n s t i t u t e s the greater p a r t of the labile p h o s p h a t e of the soil. The soils of higher p h o s p h a t e status, irrespective of their CaCOa content, did n o t show this a b n o r m a l behaviour. The observed difference is connected w i t h t h e n a t u r e and the composition of the b a s i c calcium p h o s p h a t e s associated w i t h the soil calcium carbonate.
